Abstract. The current status of the determination of the elements of the Cabibbo-KobayashiMaskawa quark-mixing matrix is reviewed. Tensions in the global fits are highlighted. Particular attention is paid to progress in, and prospects for, measurements of CP violation effects.
Introduction
The Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] describes the mixing between the three different families of quark in the Standard Model (SM) of particle physics. It is therefore a 3 × 3 unitary matrix, and can be written in terms of four real parameters. For example, in the Wolfenstein parametrisation [3, 4] it can be expressed
where the expansion parameter λ is the sine of the Cabibbo angle (λ = sin θ C ≈ V us ). With four independent parameters, a 3 × 3 unitary matrix cannot be forced to be realvalued, and hence CP violation arises as a consequence of the fact that the couplings for quarks and antiquarks have different phases, i.e. V CKM = V * CKM . In the SM, all CP violation in the quark sector arises from this fact, which is encoded in the Wolfenstein parameter η. Moreover, all flavour-changing interactions of the quarks are described by the four parameters of the CKM matrix, which makes it a remarkably predictive paradigm, describing phenomena from the lowest energies (such as nuclear transitions and pion decays) to the highest (W boson and top quark decays) within the realm of acceleratorbased particle physics. Inevitably, a very broad range of theoretical tools (such as chiral perturbation theory, lattice quantum chromodynamics, and heavy quark effective theories) is needed to relate such diverse processes to the underlying physical parameters.
Only a brief summary of the current status is given here, with most attention to experimental progress (discussions of progress in theory can be found in Refs. [5, 6] ). More detailed reviews can be found, for example, in Refs. [7] [8] [9] [10] [11] , and in the summaries of CKM2010, the 6 th International Workshop on the CKM Unitarity Triangle [12] [13] [14] [15] [16] [17] . 
CP conserving parameters -magnitudes of CKM matrix elements

The Fermi constant
As shown in Fig. 1 , any absolute determination of the magnitude of a CKM matrix element requires knowledge of the Fermi constant, G F . The most precise information on G F is obtained from measurement of the lifetime of the muon, τ µ , since
where m µ is the mass of the muon (known to better than 50 parts per billion [19] ) and ∆q accounts for phase-space, QED and hadronic radiative corrections (known to better than 1 part per million [20, 21] ). A recent measurement of the positive muon lifetime by the MuLan collaboration [18] , set in its historical context in Fig. 1 , gives
from which a determination of the Fermi constant to better than 1 part per million is obtained
2.2 Determination of |V ud |
The most precise determination of |V ud | is from super-allowed 0 + → 0 + nuclear beta decays. The relation
where the parameters f and t are obtained from measurements of the energy gap and from the half-life and branching fraction, respectively, is expected to be nucleus-independent to first order (K is a known constant, K/(hc) 6 = 2π 3h ln 2/(m e c 2 ) 5 ). However, as shown in Fig. 2 , the precision is such that second-order effects related to the nuclear medium (radiative and isospin-breaking corrections) need to be accounted for. This is achieved by obtaining a corrected quantity, labelled Ft [22] , that is confirmed to be constant to 3 × 10 −4 (see Fig. 2 ). This allows |V ud | to be extracted, Uncorrected (f t) and corrected (Ft) values obtained from different 0 + → 0 + transitions, from Ref. [22] .
Various alternative approaches allow determinations of |V ud |, with different merits. Nuclear mirror decays (transitions between states with nuclear isospin 1/2) and neutron lifetime measurements are sensitive to both vector and axial-vector couplings, and the latter does not require nucleus dependent or isospin breaking corrections to be known. The current experimental status of the neutron lifetime is controversial [7, 23] (see also Refs. [24, 25] ), but future experiments should reduce its uncertainty. Determinations from pion beta decay (which has only vector couplings) have the smallest theoretical uncertainty, though significantly increased data samples would be necessary to approach the current sensitivity on |V ud |.
Determination of |V us |
The past few years have seen significant progress in the determination of |V us | from semileptonic kaon decays, as reviewed in Ref. [26, 27] . Fig. 3 summarises the values of f + (0) |V us | determined experimentally, using data from the BNL-E865, KLOE, KTeV, ISTRA+ and NA48 experiments (the latest preliminary results from the NA48 collaboration [28] are not included), as well as the calculations of f + (0), mainly using lattice QCD techniques. Using f + (0) = 0.959 ± 0.005 [29] , the average value is obtained,
A result with comparable precision on the ratio of CKM matrix elements is obtained from the widths of leptonic kaon and pion decays. The experimental data together with lattice QCD input, f K /f π = 1.193±0.006 [26] , and accounting for isospin violation [30] gives
where both experimental and theoretical uncertainties are essentially uncorrelated with those in the average for |V us | given above. This then allows a comparison of the different determinations, as well as a test of the unitarity of the first row of the CKM matrix. As shown in Fig. 4 , unitarity is found to hold to better than one part in 10 3 . An alternative way of viewing this result is that the Fermi constant measured in the quark sector is consistent with the determination from the muon lifetime. This is thus a beautiful demonstration of the universality of the weak interaction. Alternative approaches to measure |V us | are possible using hyperon decays or hadronic tau lepton decays. For the latter, the method relies on comparison of the inclusive strange and non-strange branching fractions. These are determined experimentally from sums of exclusive measurements, and since not all decays have yet been measured, rely somewhat on extrapolations (see Ref. [31] for a detailed review). A recent study [32] estimates the value from hadronic tau decays to be |V us | = 0.2166 ± 0.0019 (exp.) ± 0.0005 (th.) ,
which is discrepant from the value from semileptonic kaon decays at the level of 3.7 σ. Two important points are to be noted: firstly, the intrinsic theoretical uncertainty in this approach is very small; secondly, the central value may change as the B factories complete their programmes of study of multibody hadronic tau decays. For several years, the benchmark determination of |V cd | has been that based on charm production in neutrino interactions,
However, improved measurements of charm semileptonic decays, D → πlν, from CLEOc [35] , provide the potential for further improvements. The CLEO-c data is shown in Fig. 5 . A recent review [13] gives a value based on this approach
where the last uncertainty is from lattice QCD determinations of the form factors [36, 37] . With reduced uncertainties from the lattice calculations, this promises to provide a more precise value of this CKM matrix element.
2 Figure 5 . Differential branching fraction for semileptonic charm decays as a function of eν invariant mass squared q 2 , from CLEO-c [35] . The results of fits to parametrised form factors are also shown.
Semileptonic charm decays, this time D → Klν, also provide the most precise determination of |V cs |. Using inputs from CLEO-c [35] (Fig. 5 ) and lattice QCD calculations [36] , the current value is
1 As pointed out by A. Hoecker at Lepton Photon, there is a significant discrepancy between the BaBar [33] and Belle [34] measurements of τ → 3 tracks + ν branching fractions that should also be resolved. 2 While these proceedings were in preparation, improved lattice calculations became available [38] .
where the uncertainties are experimental and from the lattice, respectively. Leptonic charm meson decays provide an alternative approach to determine the magnitudes of these CKM matrix elements. Their decay rates involve also the decay constants, which can be determined from lattice QCD, and helicity suppression factors, for example
Significant improvements in the measurements of D + s decays have come from BaBar [39] , Belle [40] and CLEO-c [41] . These are usually expressed in terms of f D + s , using the value of |V cs | given above, and can be compared to the lattice QCD calculations. Equally, this can be recast using the input from the lattice [42] to obtain
where the uncertainties are experimental and from the lattice, respectively. It should be noted that a discrepancy that was apparent a few years ago (see, for example, Ref. [43] ) has disappeared. Moreover, the dominant uncertainty is experimental, so improved measurements from BES and current or future e + e − B factory experiments would be welcome.
Determination of |V cb | and |V ub |
Both exclusive and inclusive studies of semileptonic B decays have been used to obtain |V cb | and |V ub | (for a detailed recent review, see Ref. [44] ). For the former, the review in the 2010 edition of the Particle Data Group review of particle physics [7] quotes a 2 σ tension between the two determinations,
Updated data from Belle on B 0 d → D * − lν decays [45] and improved lattice QCD calculations of the form-factor at zero recoil [46] reduce slightly both the uncertainty of the exclusive determination and the tension with the inclusive determination.
It is also worth noting that the semitauonic decays B → D ( * ) τ ν have recently been seen for the first time by BaBar [47-49] (see Fig. 6 ) and Belle [50, 51] . The rates of these decays depend on |V cb |, but it is more common to measure their ratios relative to those for B → D ( * ) lν (l = e, µ) decays. These ratios are precisely predicted in the SM, and are sensitive to potential contributions beyond the SM, for example from charged Higgs bosons. The isospin averaged ratios are determined to be
The excess over the SM is about 1.8 σ (see also Ref. [52] , where determinations of |V ub | from leptonic B decays are also discussed). The b → ulν decays can similarly be used to obtain measurements of |V ub | by either exclusive or inclusive methods. Most recent progress has been on the exclusive B → πlν decays, where new results have become available from both BaBar [53, 54] and Belle [55] , as shown in Fig. 7 . The updated HFAG [8] average is [56] 
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Overview of the CKM Matrix where the dominant source of uncertainty is from the lattice QCD calculations of the form factors [57] . As was the case for |V cb |, there is a tension between inclusive and exclusive determinations (the world average value using the inclusive approach is |V ub | = (4.27 ± 0.38) × 10 −3 . Although some commentators have pointed out that the large amount of theoretical work dedicated to the extraction of |V ub | may have led to an underestimation of the uncertainties [58] , it is this author's view that more theoretical attention is necessary to resolve the situation. On the exclusive side, improvements in lattice QCD calculations can be expected, while on the inclusive side an initiative to reduce uncertainties using global fits is underway [59] .
CP violating parameters -angles of the Unitarity Triangle and other phases
As is widely known, CP violation is one of the three "Sakharov conditions" [60] necessary for the evolution of a baryon asymmetry in the Universe. Moreover, the SM CP violation, encoded in the CKM matrix, is not sufficient to explain the observed asymmetry. Therefore, there must be more sources of matter-antimatter asymmetry in nature. These could arise in almost any conceivable extension of the SM, such as in an extended quark sector, in the lepton sector (leptogenesis), from anomalous gauge couplings, in an extended Higgs sector, and so on. While all of these must be investigated, testing the consistency of the CKM mechanism in the quark sector provides the best chance to find new sources of CP violation in the short term.
Although the understanding of CP violation has advanced dramatically over the past decade, it is important to realise that it remains a rarely observed phenomenon. To date, it is only been observed (with > [61, 62] .) In the B system, the only 5 σ significant measurements are of the parameters sin(2β) from J/ψK S,L and similar decays, from BaBar [63] and Belle [64] ; S(η K S,L ), from BaBar [65] and Belle [66] 
− is thus the first 5 σ observation of CP violation in the B system at a hadron collider experiment.
CP violation results are often expressed in terms of the so-called Unitarity Triangle, which is a graphical representation of one of the relations implied by the unitarity of the CKM matrix,
The angles of this triangle are usually denoted (α, β, γ), while its apex (after normalising so that its base is unit length along the real axis) is given in terms of the Wolfenstein parameters (ρ,η) [3, 4] .
Searches for CP violation in the charm sector
Almost all CP violation effects in the charm system are expected to be negligible in the SM. This therefore provides an excellent testing ground to look for unexpected effects. Various searches for direct CP violation effects (studies of mixing and indirect CP violation are discussed in Ref. [62] ) have been carried out recently, for example in D + (s) → K S π + and K S K + decays [71, 72] , in triple product asymmetries in four-body hadronic decays [73, 74] and in Dalitz plot asymmetries in three-body decays [75] . At the time of Lepton Photon, no significant signal for CP violation in charm had yet been seen; although the world average asymmetry in D + → K S π + is more than 3 σ from zero [8] this is consistent with originating from the CP violation in the neutral kaon system (see Ref. [76] and references therein). However, while these proceedings were being prepared, LHCb announced a 3.5 σ signal for the difference in time-integrated CP asymmetries be- [77] (CDF have also released less precise results on the same observable [78] ).
Measurement of sin(2β)
Both e + e − B factory experiments, BaBar and Belle, have completed data taking. The result on sin(2β) from B 0 d → J/ψK S,L (etc.) with BaBar's final data set (445 million BB pairs) has been published [63] , while preliminary results following a reprocessing of the Belle data (772 million BB pairs) are available [64] . A first analysis from LHCb is also available [79] . The results are compiled in Fig. 8 . At the level of precision that the experiments are reaching, it is important to check for effects that may perturb the naïve SM expectation S(J/ψK S,L ) = −η CP sin(2β), where η CP is the CP eigenvalue of the final state. This can be done using channels that are related by flavour symmetries -B 
Measurement of α
The unitarity triangle angle α is constrained by measurements of, and isospin relations between B → ππ, ρπ and ρρ decays [83, 84] . The situation has been stable for the last few years, though the final results from both B factory experiments in all three systems are still awaited. Combining all available information, the world average is [10] α = 89.0
Since the average is dominated by results from the ρρ system two small comments are in order. First, the apparently high branching fraction of B + → ρ + ρ 0 , which comes essentially from a single measurement [85] stretches the isospin triangle and reduces the uncertainty. Secondly, analyses to date, while allowing CP violation in the rates, have assumed the longitudinal polarisation fraction is the same for B andB -but the most general analysis would allow a difference between the two. 
Measurement of γ
The angle γ is unique among CP violating observables, in that it can be determined using tree-level processes only, exploiting the interference between (typically) b → cūd and b → ucd transitions that occurs when the process involves a neutral D meson reconstructed in a final state accessible to both D 0 andD 0 decays. It therefore provides a SM benchmark, and its precise measurement is crucial in order to disentangle any non-SM contributions to other processes, via global CKM fits.
Several different D decay final states have been studied in order to maximise the sensitivity to γ. The archetype is the use of D decays to CP eigenstates, the so-called GLW method [86, 87] . New results with this approach have recently become available from BaBar [88] , CDF [89] and LHCb [90] , while the very latest results from Belle [91] are shown in Fig. 10 . The world average for the CP asymmetry in the processes involving CP -even D decay final states, including all these new results and illustrated in Fig. 11 (left), shows that CP violation in B ± → DK ± decays is clearly established, though no single measurement exceeds 5 σ significance.
Another powerful approach to constrain γ, the so-called ADS method [92, 93] , comes from the use of doubly-Cabibbo-suppressed D decays (for example to the final state
Recent new results come from BaBar [94] , Belle [95] and CDF [96] , while the very latest results from LHCb [97] are shown in Fig. 12 . The world average for the parameter R ADS , which is the ratio of decay rates to the suppressed states compared to those for the favoured channels, including all these new results and illustrated in Fig. 11 (right), shows that the suppressed decay is now clearly established, though no single measurement exceeds 5 σ significance. This is very promising for future γ determinations.
Although the analyses with B ± → DK ± decays give the most precise results, different B decays have also been studied. The use of both possible decays D * → Dπ 0 and D * → Dγ provides an extra handle on the extraction of γ from B ± → D * K ± [98] that is becoming visible in the most recent results [91, 94] . In addition, the B may provide excellent sensitivity to γ, once sufficient statistics become available [99] [100] [101] [102] . Until now, the strongest constraints on γ from B ± → DK ± decays have come from analyses based on multibody D decays, particularly D → K 0 S π + π − , the so-called GGSZ method [103] . The most recent results 3 are [104, 105] γ(BaBar) = 68
where the sources of uncertainty are statistical, systematic and due to imperfect knowledge of the amplitude model to describe
The last source can be eliminated by binning the Dalitz plot [103, 106, 107] , using information on the average strong phase difference between D 0 andD 0 decays in each bin that can be determined using quantum correlated ψ(3770) → DD data samples. The necessary measurements from ψ(3770) data have recently been published by CLEO-c [108] and used by Belle to obtain a model-independent result [109] γ = (77 ± 15 ± 4 ± 4)
• ,
where the last uncertainty is due to the statistical precision of the CLEO-c results. (Note that there is a strong statistical overlap in the data samples used for this result and the model-dependent Belle result reported above. 4 ) Combining all available information on tree-level processes sensitive to γ, a world average can be obtained. The values obtained by two different fitting groups are [10, 11] γ(CKMfitter) = 68
3 The BaBar measurement includes B ± decays to DK ± , D * K ± and DK * ± and D decays to both The precision of the results is now reaching a level that the details of the statistical approach used to obtain the average value no longer has a strong influence on the uncertainty, but some difference in the central values is apparent.
An alternative approach to measuring γ, still using tree-level B decays, is based on the time-dependent decay rates of B s → D ± s K ∓ processes [110] . This decay was previously observed by CDF [111] , and LHCb have recently reported clean signals [112] , that indicate that this mode can indeed be used to provide a competitive measurement of γ.
It is also interesting to compare to the value of γ obtained from processes that involve loop diagrams, since these may be affected by contributions from virtual, non-standard particles. Recent results in charmless two-body B decays are discussed in Refs. [52, 61] . An interesting development in the last few years has been increased activity in the study of Dalitz plot distributions of charmless three-body B decays, which can yield more information about the contributing amplitudes and hence can yield determinations of γ that rely less strongly on theoretical input. Results on B [113, 114] and [115] decays can be combined to provide a constraint on γ [116, 117] . The current data do not, however, provide a competitive result.
Global CKM fits
The results of global fits to the CKM Unitarity Triangle parameters from the two main fitting groups, CKMfitter [10] and UTfit [11] are shown in Fig. 13 
In spite of the different statistical approaches used, consistent results are obtained. The overall consistency of the different constraints on the (ρ-η) plane is good, though some tension exists (see, for example, Ref. [118] ). 
Future prospects and conclusions
The current time is certainly one of a changing era in quark flavour physics. The previous generation of experiments is completing their analyses on their final data sets, while the next generation are commencing their programmes. Looking further ahead, there are exciting prospects for this field of research, as new experiments are planned. There is a future programme for kaon physics in the USA [119] , and new experiments studying different aspects of kaon decays are also planned in Europe and Asia, among which the KLOE-2 experiment [120] has notable prospects to improve the measurement of |V us |.
A new generation of high luminosity e + e − machines, operating as B factories or at lower energies is planned [121, 122] . Another important step forward will occur with the upgrade of the LHCb detector [123] , which will allow to exploit fully the flavour physics capability of the LHC. The progress in theory must of course be matched by improved theoretical understanding. While such advances are in general hard to predict, there is very good reason to be optimistic that lattice calculations will continue to become more precise [6] .
In conclusion, the CKM paradigm continues its unreasonable success, and despite some notable tensions with the SM, there is no discrepancy that can be considered proof of non-standard contributions. 5 Nonetheless, there is reason for optimism, since current and future projects promise significant improvements. In the short term, the BESIII and LHCb experiments, together with improved lattice calculations will, at the very least, advance our knowledge and may provide a breakthrough. In the certainty that new sources of CP violation exist, somewhere, and with various other reasons to expect non-SM physics around the TeV scale (or higher) to cause observable effects in flavour-changing interactions in the quark sector, continued study of the elements of the CKM matrix remains a key cornerstone of the global particle physics programme.
